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INTRODUCTION

It was shown in the prekus communication! that MARTIN’s ‘equation can be ex-
tended to accommodate constitutive effects in molecules. If sufficient Ry data are
~available from the study of relevant: -compounds, many ‘constitutive effects can be -
analysed in'terms-of AR M parameters, which can then be used to calculate R am values.
‘Thus,’ prev1ously1 the Ry values of a large numbcr of low molecular welght phenols
_ alkowphenols coumaranols and chromanols were correlatecl with their structure and
with the. RM value of a standard’ compotind, which, in all these 1nvest1gat10ns, we
have taken as phenol The aim of’ the 1nvest1gat10ns déscribed here was to correhtc
the chromatographlc behaviour of more complex moleculés, ‘such as the tocopherols E
ubiquinones- and. ubichromenols, with their chemical structure, and to relate them
also to the same standard reference compound phenol. Several new problems must be
solved before this can be done: they largely, but not entirely, spring from the -experi-
mental limitation ‘that; since these substances are: of fairly lngh ‘molecular welg'ht '
“they cannot be chromatographed in any systém suitable for the low molecular weight
_phenols. The most complex phenol it was poss1ble to: chromatograph in System T
_contained fourteen carbon atoms?;: whereas oc-tocopherol contains twenty—nme and’
ubiquinone 50 fifty-nine carbon - atoms In order to: correlate siich compounds. with
phenol, therefore, the followmg general procedure ‘must. be followed. First, every
additive group and every constitutive effect in the rcqulred comple‘c molecule must’ be
analysed chromatographically and its ARM parameter ‘determined in.a’ su1table'»_
- system. .Secondly,. the complex molecule’ must be. chromatographlcally correlated'-
with the’ sxmple 'molecule’ by studymg compounds intermediate in structure’ and mole- ‘
cular. weight in a progressive series of chromatographlc br1dg1ng systems By theso,'
, means, the AR M parameters can be calculated for the serles of systems and from thern :
. corporated in the caleulatlon of. the Rz value of the requlred molecule e
- Before it was: possxble to proceed with confiderice, it appeared necessary to an-.
swer several pertinent: questlons Although it was shown prevmusly1 that MARTIN’S
.;equat1on is obeyed with: respect to:several atomlc and group AR pg parameters when
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aseries of related compounds are’ chromatographed in one system it was not certam
thatithis would 'be.so for other. systems. 'LEDERER? has summarised considerable
evidence to show that ARM(CH ) is not only .constant when a number. of different
chemical series are run in the same system but that MARTIN's equatlon contmues to be
.obeyed when the same series is run in several different systems. However; as we have
already discussed?, it-has on occasion been suggested that the value of AR s for.a group
may vary according to the remainder of the molecule—thatis, even in the absence of
constitutive interaction, ARr in a large molecule might be different. from ARM ina
small molecule: In:view, therefore, of the large differences between the molecular
weights of the compounds used‘in this investigation and the diverse nature of the
'systems employed, it was essential to investigate the constancy of ARy for groups
other than CH, and also for constitutive effects. - :

© To this end, a number of new compounds were svnthe51sed and chromatographed
in several reversed phase partition systems. ' :

PREPARATI()N’ OF. COI\IPOU\IDS ‘

(@), Mono- et]wws of hydroqumone.s (alkoxyj)henols)

These were made by the general procedure: descrlbed in the precedmg paper1 e*ccept
‘where stated.” A number have been described previously?. The following were new
compounds: j)-wtetradecyloxypkmol m.p. 84°%;:p- n-hexadecyloxyplzmol m.p..88°;
‘p-n-octadecyloxyphemol, i m.p.. 91 5°; p- (hex-4-enyloxy)-phenol, : characterised as:the
p-nitropherylurethane, m.p. '150°; p-(r-methylbutoxy)-phenol; b.p. 110-120°/0.5 mm;
p- (2-metkylbutoxy)-j§kmol 80—IOO°/O 15  mm; p-(I-methylpentyloxy)-phenol,. . b.p.-.
T20-140/0.2 mm; - p-(I-ethylbutoxy)-phenol, b.p. 110-130°/0.15 mm; - (I-ethylpen-
‘tyloxy)-phenol; b.p. 105°/0.T -mm;. p-(I-propylbutoxy)-phenol, b.p. 120°/0.15 mm;
p-(Z-methylheptyloxy)-phenol,: ‘b.p. . I110-120°/0.5  mm;  p-citronellyloxyphenol, b.p.
‘150°%/0.2°- mm; -H- dihydrocitronellyloxyj)kenol “b.p. '135-145°/0.6 . mm; p-hexahydro-
jarnesyloxyj)kenol ‘b.p. 162°/0.1- mm, 720 1.4965; p- dzIzydroj)hytyloxyphenol ‘b. p
184°/0.1 mm, n;51° 1.4890; p-(6-cyclohexylhexyloxy)-phenol, m.p. 56-58°% .-

o p-(Hexa-2,4-dienyloxy)-phenol -(p- sorbyloxyj)lzmol) and ;b-gemnyloxyj)kenol werce
oils that could not be purified by distillation since they are allylic ethers and undergo

thermal rearrangement However, the former compound -analysed correctly after
ichxomatographv, Whllst the latter was characterlsed as the j)-mtroyblwnyluretkane,
:mp XI7-118°

5-Dzkydro/:kytyl-4-%wthoxy-z metkylybhenol was prepared by hvdrogenatlon of tho

prev1ously descrlbed4-metho*cy-2 methy1—5 phytylphenol“ and hadb.p. 180°/ o. 05 min.

‘(b) Alkoxvj)kmyl benzoatas o

Most of the benzoates used in this study are known cornpounds and were prepared by
'normal methods from the phenols and alkoxyphenols. The following three benzoates
‘were ncw compounds and analysed correctly p-n-butoxyphenyl benzoate, hadm.p.71.5°;
: ﬁ-seo butox'vj)henyl benzoate had m. P 53° j) tert butoxyj)kenyl benzoate had m.p. 9'> 5°.

: (c) Tocoj)herol etka;s

-These were' prepared by \«Vllhamson svnthe51s Tocol-allvi ether was a pale vellow oil
.and distilled in a short-path still at 160-170 (bath)/s T0-*mm (Pirani); Zmax 295 My
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(Ei%, = 81.5); Amin 255 mu. B-Tocopherol allyl ether was obtained similarly; Amax -
292.5 My (EX% = 72.0); Amin 260 my. &- Tocoj:/wrol al/yl ether was obtalned ‘51m11ar1y,"
Zmax 295 mye (EIA’ = 82. 5) Am]n 260 m/l . Lo REERUE N

ICII'I

(d) Ubummones aml ubzclzromenols B

Ubiquinones: 30 and ‘50 were the generous gift of Hoffmann La Roche La.boratorles
Basle, ‘Switzerland. ‘Perhydroubiquinone 50 has been describeds.: Dodecakydroubz-'
quinone: 30 was prepared in an analogous fashion 'by. reduction of ubiquinone 30,
“followed by re-oxidation to the quinone; it was not further characterised. Ubiquinol. 30
and dodecahydroublqulnol 30 were obtained by reduction of ubiquinone 30 and per-
hydroubiquinone 30 respectively with potassium borohydride. Hewahydroublqumone
20 was prepared by the method of SHUNK et al.%. Hydrogenation followed by re-oxida-
tion to the quinone gave octalydroubiquinone 20, which was not further characterised.
Hexahydroubichromenol zo and he\ahydroublchrornanol 20 have been prev1ously
described® 7. :

PAPER. CHROMATOGRAPHIC METHODS

Several new chromatographic systems were used to study the higher molecular weight
substances. Increasing strengths of aqueous ethanol were used as the mobile phase.
Ethyl oleate—used previously with the simple. phenols!—was now no longer suitable
as stationary phase, being too soluble in these increased. concentrations of ethanol,
It was replaced by olive oil, whose properties are similar to those of ethyl oleate but
“which is almost insoluble in all but the highest concentrations of ethanol. Olive oil pos-
sessed certain advantages over liquid paraffin or petroleum jelly as stationary phase.
Being slightly more polar than the latter, ARy increments for carbon were rather
smaller and more substances could-be run in any one system; this characterlstlc is
especially desirable in structural studies. For compounds with the highest molecular
wexghts it was necessary to use liquid paraffin for the stationary phase, this substance
remaining satlsf'lctory even-when pure ethanol was used as the mobile phase. Paraffin/
alcohol systems give the largest AR increments for groups such as CH,: they:are
thus especially useful for the discernment of small molecular weight differences be-
tween. compounds, but have the correspondlng dlsadvantage that the ra,nge of com-
pounds run on one chromatogram must be restricted. ~ R
- Phenols, esters and ethers were visualized on the paper by the rnethods descrlbed '
previouslyl. The unsaturated long-chain alcohols were visualized by treatment with
sulphuric acid. The ubiquinones, ubichromenols, tocopherols, vitamins K and analo-
gous compounds were observed under ultra-violet light as dark spots. All the poly-
nuclear hydrocarbons appeared as dark spots under ultra-vxolet hght ewcept a.nthm-;
cene, “thh was brlghtlv ﬁuoreccent . '

RESULTS WITH SYSTE\I 2

System 2 was 70 % (v/v) ethanol against ohve 011 and Ta.ble I records the RM values
- for 54 co.mpounds run in this system. They included phenols, hydroquinone mono-
ethers ranging from =-butoxyphenol (No. 5) to #s-octadecyloxyphenol (No. 16),
phenyl benzoates, phenyl nitrobenzyl ethers and several important long-chain iso-
prenoxd alcohols System 2 provided an important bridge between System 1 (25. % “
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TABLE I S

CI{ROMATOGRAPHY OF PHENOLS HYDROQUINONE MONO-ETHERS, PHI‘NOL BENLOATES NITROBEN?YL
. .ETHERS AND SOME ISOPRTNO]D ALCOHOLS IN SYSTEM 2

' St'a‘tionary phase: Whatman No. 4 paper impregnated w1t11 a's % (v/v) solutlon of ol1vc 011 m
Lo - light petroleum (40-60°).
Mobile phase:. - 70 % (v/v) ethanol in water.

No, e o Compound S "Rp ' URpp

I. R in structure shown . L ‘

HO.___.
]

. \\'/,\R

" (a) Phenols ‘ e ,
I n-CgHy ‘ - ' 0,85 . —o0.740
z  nC,H, " 0.80° -—o0.618
3 n-CgH, 4 . . ‘ ‘ ' 0.75 —0.483
4 CI-Ia(‘H(CH,,)CH CH, - , ' 0.75 = —0.483
(b) Hydroguinone mono- etl:er.s with straight- cham alkovv grou/).s i 5 ECETR o
5  wn-CH,O ‘ : L 0.85 ' —0.736
6 CI—I:,CH(CI-I:,)CHch-I O o . o ..+ .. .. ©080" " ——o0.600"
7 n-CgH,30 | . R ' o 0.75 + —0.476 °
- 8 n-C,HmO ‘ ‘ 0.69°  :-~—0.347
9 . n-CgH,,O Co : i . S ‘062__.' —0.215
- To.  n-C;iH,,0 _ : - o o 0407 40,174
IT n-Cy,H,,0O ‘ : ©.335 , - 0.296 .
Iz -C 4H 7O . - , , ‘0.22 4 0.554 .
13 - CH, _CIICH CH,CH,O B ' ' ‘0.83 . —o0.688"
. I4 CI-Iz,CI-I CHCH2CH3CH O , 078 . —o0.550:
“I5 7-CigHg, O ‘ S . 0.I3 -+.0.811
6 n-ClsHm-,O : 0.08 4 1.066
‘ ' (¢) H; ydraqmnovze mono- e!he:s wzlh rmg-contammg alkoxy g;ou[)s ;o . — )
17 Phenyloxy 0.81 —0.638
.18 . Benzyloxy - ; _ 0.83 ~—0.0678
19. - Cyclopentyloxy ‘ ‘ 0.86 —0.799
20 Cyclohexyloxy : 0.83 ' —~—0.678
21 -Cyclohexylhevylo*cy » . 0.37 + 0,228
(d) Hydrogquinone mono-elhers wzth bmnched alleoxv grou;bs . '
(‘JH:, ' CH,
22 CH:,C——CHQ———CH—CHe-—-—CHzo ‘ 0.625 -—o0.225 .
23 H[CH, C(CH,,)-—CHCI—I 140 (Gera.nyloxy) . 0.64  -—0.255 -
24 (CHyg)g ,C = CHCH,CH CH(CH,,)CH CH,O (Cltroncllyloxv) 0.6o —o.180
25 I—I[CH CH(CH:,)CI-I CHa] o (thydroc:tronellylow:y) ‘ 0.56 —0.100
26 H{CH,CH(CH,)CH,CH ]30 (Hexahydrofarnesyloxy) . . 0.27 = -4 0.431
27 H[CI-IzCH(CHa)CH CH..] 40 (Dihydrophytyloxy) . 0.10 -+ 0.947
II. Benzoates of phenols and ln'droqmnone mono-ethers o '
28 Phenyl benzoate : ‘ ‘ 0.49 '+ 0.009'
29 p-Tolyl benzoate ‘ S _ 0.42 -+ o0.140
30 3,4-Dimethylphenyl benzoate ‘ \ 0.35 .  ~0.267
31 . 3,5-Dimethylphenyl benzoate 0.3% +0.267

32 p-Ethylphenyl benzoate ' ‘ 0.35  4o0.274

{continued on p. 162)
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TABLE I (continued)

Conpound Rp Ry
33 p-ﬁ-P‘_rbpyIphenyl benzoate 0.28 +o408
34 p-fert.-Butylphenyl benzoate 0.25 +0.474
35 - p-n-Butylphenyl benzoate 0.23 +0.533
36 p-n-Butoxyphenyl benzoate 0.29 . -+ 0.400
37 « p-sec.-Butoxyphenyl benzoate 0.33 ~0.316
38 p-tert.-Butoxyphenyl benzoate 0.37 -+ 0.204
39 5.6,7,8-Tetrahydro-2-naphthyl benzoate 0.27 4 0.428
40 4-Diphenyl benzoate 0.21 “+o0.574
41  2-Naphthyl benzoate 0.295 -+o0.380
IIi. Plumyl nitrobenzyl ethers
42 Phenyl p-mtrobenzyl ether ' 0.51 —o0.020
43 p-Tolyl p-nitrobenzyl ether 0.44 +o0.107
. IV. Isoprenoid alcohols and tocols ‘ ‘
44 (CH,)pC=CHCH,CH,C(CH,)=CHCH,OH (Geraniol) 0.90 —0.918
45 (CH,),C=CHCH,CH,CH(CH3)CH,CH,OH (Citronellol) 0.87 —0.837
46 (CH,,)zc =CHCH CI-12C(CI-13)_-CHCH2CH C(CH,) =CHCH,OH :
L (Farnesol) 0.75 -—0.468
47 (CHy)gC=CHCH,CH,C(CH,;)=CHCH,CH,C(CH,)CH=CH, 0.68 | —o0.328
E (Ncrp_lidol) . ‘ 4
48  H[CH,CH(CH,4)CH,CH,],CH,C(CH,) =CHCH,0H (Phytol) 0.38 —o0.218
. H,Cc_CH, |
49 . ( j —CH=CH—-C(CHy)=CH—CH= CH—C(CHa)—CH—CHQOH
‘ CH, .
(Vitamin A) 0.52 —0.040
‘ =%
50. \I/ ] ;
= \O/\ [C}IQCI-IchzCH (CH,,)] 1aCH,
(Tocol) 0.135 ' -+ 0.806
< HOL ‘
5t 1/ CHa
: \O/\[CI-ISCHECHQCH(CH:,)] oCH,
CH,,
(6-Tocopherol) o.10 + 0.941
L HO o~ - |
52 CH,
CH,” Y\OA[CH2CH CI-Ich(CHa)],,CHs
(y-Tocopherol) 0.08: + 1.074
, —CH(CH,,)CH CI-I—CH(CH,,)CI-I(CH,,)2
53 r\i/j
L HO NS (Ergosterol) ©o.10 +0.947
e \\—\j—cmcna)CHQCHzCHQCH(CHm
54 /(:Vl\\n/ ‘ _ .
o I‘-IOV N ’ (7-Dehydrocholesterol) ©.09 +1.016
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ethanol. against ethyl oleate)1 and the systems, descnbed later for use with more com-
-plex substances: The main aims of the. study with;System 2z were to investigate the
ARy parameters. studied. prevmuslyl to discover;how. they . changed with the change.
in the system, and to.confirm.that they. remain constant irrespective of  the nature
of the molecular series:. Several. phenols -and. alkoxyphenols: were. selected -and,.con-
verted into their'benzoates and (in a limited number of. cases);into: their j)-nltrobenzyl‘
ethers ‘The.compounds could all be chromatographed together in System .z .and, by
this means, it was p0551b1e to compare ARz increments in.virtually identical molecular
: surroundlngs but in different. series of compou.nds running to different points of the
same chromatogram In.addition, ARz parameters were checked for.constancy in

series varymg more widely in structure. : -

-ARM(CH 2) and AR M(mng-atmched C H 2) j)arameters

'ARM(CH was calculated 1ndependent1y from- comparlson of cornpounds in three
series; .phenols, p-alkoxyphenols and their respective benzoates. It was found.to be
+ 0.129 4-.0.005. The results in Table I-confirm .that the: add1t1v1ty rule is strlctly
obeyed over.a range of ten carbon atoms. (p-butoxyphenol to j)-tetradecyloxyphenol)
and that ARM(CHQ) is constant. 1rrespect1ve .of the remainder of. the molecule, pro-
~viding constitutive interactions are absent. The. value of. AR, (rlng-attached CH,) can
be calculated, in the usual way, by comparmg (i) the benzoates and (ii).the nitrobenzyl
ethers of phenol and’ p-cresol.: It also.is” +.0.129. 4 0.003. :Thus, in:contrast to’
the ﬁndmgs1 in System 1, the. two pa.rarneters are identical. This-arises from the
fact that in System 2, AR M(CHQ) is smali. If there was the same relative difference
between the two parameters as there was in System 1, it would only amount to about
0.030.in System_ -which is just.about experimental error. (Note, howe,ver,k_thart_ dif-
ferent ARy parameters.do not by any means.change in constant proportion when the
system.is changed. It: would not even, seem:to.be a. theoretlcal -requirement. that
‘they. should. all change in the same -direction when the :system.is. changed—in the
,,chromatography of amino acids, for instance, ‘‘crossover”’ of spots in different systems
~ is-familiar. Nevertheless, .for the systems studied here, which were all fairly similar
and usually involved .only an alteration in the mobile phase concentration, the order
of change of the hmlted number of AR»s parameters investigated wasindeed. s1rn11ar )

ARM(H ) j)ammeters and the eﬁeot of unsatumtwn

It follows from-the fact that AR M(CHz) and ARM(rmg-attached CH ) are; v1rtua11v
identical in System 2 not only that the atomic ARz (H) parameter is small in.this
system, but-that.the differences between the ARM(H) values for hydrogen 0L, /3 y,.ete. |
to the ring are '‘much too small to be determined :with any accuracy. (compare
‘System- 1'). Thus, ‘the Rps values of the- two . xylenol- benzoates (Nos. 30 .and 31)
are V1rtually the: same as.that of jJ-ethylphenyl benzoate:, (No 32) and .the 4Ry
increment. between phenyl benzoate and. p-cresyl benzoate: (Nos 28.and 2g) is almost
~ identical with the Rz difference between p-propylphenyl benzoate and p-butylphenyl
benzoate:(Nos; 33 and-35). Nevertheless,: although the dzﬁerem:e between the: AR p(H)

. parameters at: different pos1t10ns &, B, v, etc.-from the ring is too small. to. determine,
. thatitstill exists in System 2 is clearly 111ustra1:ed by the fact that p-tert. -butylphenyl
- benzoate (No 34), which contains no a-hydrogens ‘runs.a little faster than ﬁ-n-butyl-
” phenyl benzoate (No 35) the R M dxfference being 0.059. (Thls dlfferencc is u.nhkely to.
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be due to chain branching in: the founer substance (see later), since the Rar values for .
j) n—amylphenol (No. 3).and p- 3<methylbutylphenol (No. 4) are 1dentlcal R S

In System 2, therefore ARp(H) can, for all practical’ purposes, be con51dercd to be
a constant irrespective of ‘the p051tlon of the hydrogen with respect to the ring. Its
~ value; although small; can be determined with reasonable accuracy. For example, the
Ry values of ‘p-(pent-4-enyloxy)-phenol (No. 13) ‘and’ p- (3-methylbutyloxy)- -phenol
(No.6) differ by + 0.088, and the Ry values of p-(hex-4-enyloxy)-phenol(No: 14) and
p-he\yloxyphenol (No. 7) ‘differ by -+ 0.074. The introduction of a double bond into
‘compounds '6''and 7 ‘therefore decreases their Raj values by about — 0.080. This
corresponds to a value of -~ 0.040 for ARa;(H): The same value for ARz (H) is found
if the higher molecular weight compounds of the hydroquinone mono-ether series are
compared. Thus p-geranyloxyphenol (No. 23), p- c1trone11ylo~<yphenol (No. 24) and
P- dJhydromtronellyloxyphenol (No. 25), which differ from each other by two hydrogen '
atoms; differ'in Rz by about 0:080. The formation of an alicyclic ring also corresponds
formauy to ‘the loss of two hydrogen atoms. Chromatographlcally therefore,  the
‘ presence ‘of an alicyclic ring should correspond to a double bond, provided that the
- ringis not attached to oxygen when other effects appear (see later). This was shown to
be thz case by comparmg p- (6-cyc10he'~cy1he\ylo*<y) ~phenol (No: 21) with p- -n-dodecyl-
o*cyphenol (No “11); 'whose Ryr values' differ by 4-.0.068. The same value for the
AR r(H) parameter was found in the series of 1sopren01d alcohols; here, the Rjr values
of geraniol (No. 44) and citronellol (No 45) differed by + 0.081. There is thus ample
evidence from Table I ‘that ARp(H) is a* chromatographxc constant. Hence, in the
absence of any interaction with-other strictures, ARps(double bond) must be constant.

- Because the atomic AR parameters for both carbon and hydrogen are small in
System 2, little loss of accuracy isintroduced if group AR M(CHz) parameters are used
for the ‘calculation of Rps values of compounds run in this system. Tt follows, for
instance, that if the Rz value of n-octylphenol is to be calculated from RM(phenol) ‘
the error introduced’ by’ 1gnor1ng the fact that o~ and -CH, groups’ are chromato-
graphically sl]ghtly different from subsequent CH, groups in the alkyl chain is
‘ negligiblé: as ‘the molecular’ weights of the compounds increase, the contributions of |
«- and ‘B-hydrogens become. correspondingly less. In all the calculatlons below,
therefore, the CH2 group parameter has been employed.: ‘ : B '

AR M jmmmeters Sor oxygen. in ethers

The results in Table I'show that the Rjps values for p-n-butoxy-, p-sec. -butoxy- and -
p-tert. ~but0\:ypheny1 benzoates (Nos 36, 37 and 38) in' System 2 decrease in the same -
order as was found prev10usly1 in System I; indicating, therefore, that AR M(O) varies
in ‘the'same: way, ‘according to the nature of the alkyl group to which it is attached.
‘The group ARpy’ pararneters for oxygen can be calculated, exactly as described -
earlier!, by’ dlrectly comparing the ‘Rjrvalues for the prlmary, secondary and tertiary -
‘butoxyphenyl benzoates (Nos. 36,'37 and 38) with the Rjs value for the correspondmg -
pr1mary butylphenyl benzoate (No. 35) The respectlve values:are as follows: ARjar
(O in* OCHzR) <-:0.133; ARj(O in' OCHR;) — o0.217; -and ARM(O in OCR 3)
= 0.329. (It ‘should be noted that these group ARpr parameters ‘are slightly in error,
for reasons that have been discussed in the'preceding paper!. Briefly; 4Rpz increments
~ for oxygen’ should ideally be calculated by the methods of atomic parameters outlined °
‘ previously, or else-they do not take'into account the -variation of the Rjys(H) incre-
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ments for- hyd1 ogen o, 8 and y to the ring in the alkyl group and the absence of such
variation in the alkoxy group. However, since in System 2 the differences are known
to be small, it is unlikely that any serious effect on calculations would be introduced
by using these ‘group oxygen parameters—as would certainly have been the case in
System 1.) ‘All the other effects of substitution vicinal to oxygen are the same in
System 2z as' they were in System 1. Thus p-phenyloxyphenol (No. 17) runs slightly
-slower than p-benzyloxyphenol (No. 18), although the latter contains one more CH,
_group, because of the ‘““resonance’’ effect of the benzyl group. The following calculation
shows that - cyclohexyloxvphenol (No. =20) is- shghtlv faster in System 2 than re-
qulred bV theorv as it was in Svstem T. :

C alculatwn of RM(cyclohexylo'cyplzenol)

'Ru(cyclohev:ylo‘cyphenol) = R‘u(n-hexyloxyphcnol) — 2 X AR u(H) — (a. correctxon for cyclo-
L : ~ hexyloxy phenol being a secondary ecther)

The correctlon for a secondary ether is obtamed bv subtractmg the RM value of j)-sec -
buto*cyphenyl benzoate from that of [)-n-butovcyphenyl benzoate. It is subiracted in the
‘above calculatlon smce a secondary ether runs faster than a prlrnary cther.
~ Thus, "

.. RM(cyelohe#yloxypllenol) — 0.476 —(2 X 0.040) — (— o.4oo — 0.316) ‘

. : — 0.640

'Experimcntal RM’ = — 0.678
~ Similarly, p-cyclopentyloxyphenol (No. 19; experimental R = — 0.799) runs
slightly faster than required by theory (calculated R = — 0.771). The reason for

this has been already discussedl. It should be noted that in System 2, the differences
are only just outside experimental error. Nevertheless, they are of the same order,
‘ ‘compared to the value of AR M(CH ), as they were in System I.

T/w AR M(OH ) j)arameter

Since ‘all the compounds in Table I, except the isoprenoid alcohols and wtamm A
‘(Nos 44—-49) are phenols or their derivatives, the AR s parameter for the phenolic OH
group is already included in the Rjs value for the ground molecule. (It could be calcu-
lated, if required, by comparing a suitable series of phenols and hydroquinones, al-
though we have not done this.) It should be noted, however, that the values of ARps-
(alcoholic OH)—in-the ‘series of isoprenoid alcohols—obviously depends on whether
the alcoholiis primary or tertiary. This is the same effect as occurs with AR (O) in'the
hydroquinone ‘mono-ether series. But, in the alcohol series, the primary: alcohol
farnesol runs: faster than its tertiary isomer, nerolidol. This is to be expected, since now
itis oxygen—-hydrogen polanza.tlon that is the determmmg factor not carbon—-o‘cygen

, polarlzatlon = : : :

:I' ke eﬁect of clzazn bmnchmg on RM values

'Many of the hlgher molecular weight compounds to be studled in later systems :
especially the naturally-occurring - tocopherols and ubiquinones, are isoprenoid in
structure and their molecules contain branched alkyl chains. In System 1, most of the
compounds studied were unbranched: the others were low-molecular weight ‘com--
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pounds ‘and, if they did.contain a single branch, any effect it might. have had was
‘obscured by the pronounced effects of - and B-hydrogen atoms on the Ry values of.
the compounds. Thus, although p-isopropylphenol ran faster than p-n-propylphenol,

and p-tert.-butylphenol ran faster than p- n-butylphenol1 this was solely due to. the
fact that: each new branching at carbon replaced, in effect, an ¢-hydrogen by a g-
hydrogen. In compounds where this could be discounted (that is, where the branching
occurred: beyond the y—carbonf atom) branching as such did not appear to affect
chromatographic ‘behaviour in these simple compounds. Thus, in System x, p-amyl-
phenol was 1nseparable from j)-3-methylbutylphenol and p-cyclopentylphenol was
inseparable from its isomer, p-3-methylbut-z-enylphenol?.

- It was clearly necessary, however, to study the effect of multlple chain branchmg
in more detail. This was done in System 2, and it soon became apparent that the
behaviour of compounds containing long-branched chains was anomalous. For ex-
ample, the Rjs value (— 0.100) of ?- d1hydroc1tronellylotyphenol (No. 25) differs
considerably from the value for the isomeric - n-decyloxyphenol which should be
 +0.038 (readily. calculated .from the data on alkoxyphenols in Table I). Similarly,
the R M values for ]5-hexahydrofarnesyloxyphenol (No. 26) and p-dihydrophytyloxy-
phenol (No 2y7) are + 0.43r and + o. 947 respectively, whereas the calculated value
for their correspondmg straight-chain isomers would be 4~ 0.682 for j)-n-pentadecyl-
o*cyphenol and -4 1.328 for p-n—elcosyloxyphenol Ana1y51s of all the results in thls
section of Table I shows that if there are »# branchings in a chain, there are # —1
effects on Rys. In the case of System 2, therefore, there is a new parameter to be
considered, ARps(branching). Its mean value can be readily obtained from the data
already discussed and is found to be — 0.130. The nature of the branching effect and
the reason why it-had not been observed in System 1 with the lower-molecular weight
compounds proved puzzling for a time. It'was considered as a possibility, for example,
that the branching effect migh‘t‘only, occur in systems in which the mobile phase was
-relatively non-aqueous; i.e. that the.emergence of the new parameter was actually
.caused by the system change To study this possibility, several lower-molecular weight
compounds were converted to benzoates and run together with the higher-molecular
weight compounds in. System 2. It is clear, however, from comparison of the Ry
values of p-n-butylphenyl benzoate (No. 35) and p-fert.-butylphenyl benzoate (No. 34)
that the small difference between them can only be attributed to the slight effect of -
the ARp(H) parameter and is not nearly large enough to be due to the. branchmg :
.effect. Other work, not shown here, confirmed that the branching effect was in fact not
produced by any. particular. chromatographic. system, ‘although its magnitude (in
common with other AR jr values) was influenced by the nature of the system. The next
possibility to be 1nvest1ga.ted was that, for some reason, the branching effect only
manifested itself in isoprenoid: type chains containing at least ten carbon atoms. In
order to. examine this point, we: synthesized $-(3,5, s-trlmethylhexyloxy)-phenol v
_(No 22), which contains a g-carbon chain and two chain branchings. This compound
‘has an Rjps value of — 0.225. The R,s value of the unbranched p-n-nonyloxyphenol,
on:the other hand, would be — 0.086 (this' compound was unavailable, but its Rjs
value- can .be easily and accurately calculated from.the data on the homologous’
- members: of this series). The theoretical R s value of compound No. 22, subtracting
. ome:increment ‘for ARy (branching), would be — 0.086 — 0.x30 = — 0.216, almost
_identical with the actual experimental R s value for this compound. (It i is 1mporta.nt to -
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note that although compound No. 22 contains a quaternary carbon atom, from the
chromatographic point of view this must only be counted as one.branch.) This cal-
culation demonstrates clearly that the branching effect is not a characteristic only of
isoprenoid chains. Further confirmation of this point was obtained by comparing the
Rpr values of ergosterol .and 7-dehydrocholesterol (Nos. 53 and 54). Although these
substances are quite different from the others in our series, they were used beca.use
they are convenient sources of a 9-carbon chain and an 8-carbon chain. Ergosterol was
an especially valuable compound to correlate, since it contains two vicinal branches.

Calculation of the Ry value of ergosterol from 7 dehydrocholesterol is glven in Table
I I. ‘ ' : .

TABLE 11’
CALCULATION OF Ry FOR ERGOSTEROL

- Increment
Constituents

D+ —

. M(f—debydrocbolesterol) 1.016 ‘ '
+ ARar(CH,) " 0.129 ‘
“+ ARM(double bond) ) - o0,080" L

.+ 4 ARpr(branching) S e o130 . .

Sum of increments o 1.145 = ©0.210
Calculated RM(ergoystc‘rol) = -+0.935
Experimental Rar . =

+0.947

The agreement is excellent and shows that the non-isoprenoid side-chain in
ergosterol, containing two vicinal branches also exhibits only one branching effect
on the Rjr value, conﬁrmlng that the “#—1 effect” is independent of the relative.
positions of multiple branchings. : ‘

From these experiments, therefore, the na.ture of the branchlng effect on chroma-
tography in reversed phase systems can be stated as follows. When a compound .
contains an alkyl chain with at least two branches, its R value is decreased by an-
increment that is a constant for the system. If there are » branchmgs thereare n — 1
increments that reduce the Rr value. The value of this parameter is unaffected by the
relative positions of the branchings, their structure, or by the lcngth of the alkyl
chain. In System 2, ARps(branching) is equal, but opposite in sign - to, ARy (CH,);
this relationship, however, can be expected to be different in other types of chromato-
graphic system (see the results in System 6). In direct phase systems, branching (after
the first) must increase Rjs, prov1d1ng the system is suitable for observmg the effect.

' The effect of branching on Rjs can be related to the fact that, in aliphatic hydro-
carbons, branched members have a smaller molar volume than unbranched members.
The molar volume of a compound is normally determined in the gas state and is
affected by all branchings. In chromatography, however, where substances are studied
in the liquid state, entropy effects may play a greater part. It is perhaps due to such a
consideration that only » — 1 branchings are effective in chromatography. Thus, the
first branch in any chain can always be considered as terminal and subject to free
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rotation. A second branch in the chain must mtroduce a hindrance to rotation, with
a resultant effect on entropy. : :

If the branching forms part of a ring system, as in /)-cvclohe\V'Hletvloxyphenol
(No. 21),'the same rule applies: the ring counts as one branch only. Hence there is no
ARps increment in- this compound, and its Ry value (4 0.228) is almost exactly as
calculated by subtracting 2z X ARa(H) from the RM value of the stralght-cham
compound p-n- dodecylo*cvphenol (No II). : L

Calculation of RM values for System 2

We have not calculated the R a7 values of all the fifty-four compounds llsted in Table I,
as many of them have been used to provide the data for the calculation of the various
ARpg parameters Two fairly complex compounds were, however, chromatographed
in System 2 in order to test the method of structural analysis in this system and
particularly the use of the new ARM(branchmg) parameter. These were tocol, the .
parent member of the vitamin E series, and the important naturally-occurring
substance, vitamin A alcohol. The calculations for these substances are given below.
(¢) Tocol. This substance (No. 50) is z2-methyl-2z-(4’,8",12’-trimethyltridecyl)-6-
chromanol. Its empirical formula is C,4H,,0, and it can be considered as a complex
derivative of phenol. Its R s value can be found from that of phenol, and the Ry, values
for the other tocopherols can all in turn be calculated from that of tocol (Table III).
. (4%) Vitamin A. The R value of vitamin A could be calculated from Rjs(ethanol)

TABLE III
CALCULATION OF Rjr FOR TOCOL
Inicrement
Constituents
. : ) 4 —

. RM(phenol) : 1.125
4 AR37(0O in OCR ) 0.329
+ AR (20 carbon atoms -+~ 39 ' :

‘hydrogen atoms) ¢ 20 X
C ARM(CH,) — AR (H)** 2.560
+- 2 * ARM(branchmg) ‘ 0.260
Sum of Hin‘cremc‘x‘l'ts : 2.560 1.714
‘Calculated R p(tocol) — +0.846
: Experimental Rar = -~ 0.806

. Phenol itself was not chromatographed in Svstem 2, as its Ry value is rather too high and in
{ act is likely to be less accurate when found expenmentally than can be calculated by extrapolation
from the data. on the higher phenols (compounds Nos. 1-4). F or tlus reason we have uscd the latter
da'ta. to provide Ras(phenol) by simple ektrapola.tlon

*.For the- valldlty of this approw:matlon in System 2 sce te\t

vif 'the' necessary‘ data were available.‘ In‘this study, hOwever, we have not studied a
sufficient number of alcohols to determine the value of AR (primary OH), so have
calculated from the Ras value of phytol (No. 48), a long—cha.m polv~zsoprenoxd alcohol
The calculation is given in Table IV. : .- SRR
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. TABLE IV
CALCULATION OF Rjr FOR VITAMIN A

SIncrement

Consh‘tucms

Rpr(phytol) ' ' 0.218 ‘
— 10 X AR (H) ‘ ' 0.400
— ARM(branchmg) 0.130

.. Sum of increments 0.348 . . 0.400.
Calculated Ry (vitamin A) = —0.052
Experimental Ray = ——0.040

*The phytol molecule contains 4 chain branches. Vitamin A contains 2 chain branches and
one ring, which (see text) also counts as one branch, The difference betweéen them therefore corre-
sponds to one effective branclung unit: since vxtamm A has lcss branches th'm phytol the ARM
parameter, whxch is negatxve, is a.ddul

TABLE V

CHROMATOGRAPHY OF SOME HVDROQUINONL MONO-ETHERS AND ALKYL °
: . P-NITROBENZOATES IN SYSTEM 3. o .
Stai:iohziry phase:’ ‘Whatman No. 4 paper 1mpregnatcd with a 5% (v/v) solution of olive oil in
o ‘ : light petroleum... ‘ ‘

.Mobile phase: - . 50% (v/v) ethanol in water.
No. = = . - Compound | Ry . Ry
: c T  Ethers : .
5 p-Butoxyphenol. . 0.75 ~—0.469
6  p-(3-Methylbutoxy)-phenol ‘ 0.63 - —o0.224
7 p-Hexyloxyphenol ' ; ' £ 0.49 ‘ + 0.021
8 ' p-Heptyloxyphenol : C 0.35 ~+0.267 -
. 9 p-Octyloxyphenol , o, 235 - <o.512
13 p-(Pent-4-cnyloxy) -phenol o.70 ' —0.375
‘14 p-(Hex-4-enyloxy)-phenol o 0.58 = —0.134
19 p Cyclopentyloxyphenol. . - R 0.80 - —o0.600
2o . p-Cyclohexyloxyphenol = - - o S 0,70, —0.380
22 p$-(3,5, 5-Tr1mcthylhc~<ylo~<y)-phcnol ' " 0.24 -+0.498
23 ' p-Geranyloxyphenol - ’ C 026 +4-0.447
24 - p-Citronellyloxyphenol . . oo - 0.20 + 0.602
25 p-D1hydrocxtroncllylo*cyphcnol 0.I5 —+0.747
'55  p-(1-Methylbutoxy)-phenol " . 0.75 " —=—=0.469
56 p-(2-Methylbutoxy)-phenol . 063 . Le—0.224
.57 . p-(1-Ethylbutoxy)-phenol- . R ... 063 .. .. - —O0.224 .
58 p-(1-Methylpentyloxy) phenol ‘ 0.63 ‘—=-0.224
59 p-(1-Ethylpentyloxy)-phenol - Y049 T4 o0.021
‘60 i pa(1- Propylbuto‘cy)-phenol e e 00490 0,021
v 01 .p Sorbyloﬂcyphenol T o . 0.63 . ——o0.227 .
o Ve e LEsters : . 2 .
62 Ethyl p-nitrobenzoate‘ IR T 0.37 ~0.238 ..
.63 .- Propyl p-nitrobenzoate .. = Con T 024 L 40407 .
64 Allyl p-nitrobenzoate . . . - .0.205 —+o0.380

65 "Propw.rgylf? mtrobenzoate coT 7036 40,2460
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RESULTS WITH SYs'rJ:M 3

System 3 was 50% (v/v) aqueous ethanol agalnst ohve 011 Several compounds that
had already been chromatographed in System 2 were run in this system, in order to
obtain additional information about the effect of changes in the ethanol concentration’
of the moblle phase on the ARy parameters. System 3 was also used to study one ortwo
other aspects of the unsaturation andbranching effects. The results aregiveninTable V.

T he ARM(CH o) parameter
In System 3, ARp(CH,), calculated from compounds 5-9,° was found to be
0.245 —- 0.00I. ' § '

U nsatumtz’on

The principle.of independent contributions of carbon and hydrogen atoms to Rps
suggests that the AR)s increment for a triple bond should be calculable in the same
way as for a double bond, that is, AR(C=C) should be equivalent to AR(C=C)
— 2 X ARp(H). Propargyl alcohol was a convenient acetylemc compound, but we
~ were unable to prepare propargyloxyphenol for comparison with the other hydro-
quinone mono-ethers. Propargyl alcohol was therefore studied as its p-nitrobenzoate
(No. 65) and compared with the jJ-mtrobenzoates of ethanol, propanol and allyl
alcohol. ARy (C=C) was calculated by comparing, in the usual way, the Rs values of
pairs of compounds, differing only in the presence of one double bond. Thus from
comparison of compounds No. 7 and 14, 23 and 24, 24 and 235, AR p(C=C)is — 0.152
-+ 0.007. The experimental Rjs value for propargyl p-nitrobenzoate differs from that
of the allyl ester by — 0.134, almost exactly that required for the further increment
due to loss of two hydrogen atoms. This confirms that the acetylenic function can
be calculated in the same way as the olefinic function by the method of atomic
AR pr parameters. It should be noted, -however, that the dlfferencc in Ry values
between the allyl and propyl esters is only — 0.097. It was found previously! in
System 1 that allyl-substituted phenols ran slightly faster than rcqulred by theory
‘and it was suggestcd that the effect was due to resonance in the allyl group. From the
admittedly rather slender-evidence of compound 64, it would seem that a similar effect
might exist even in the allyl ester; here, although the-allyl group is separated from the
aromatic ring'it is p0551b1e for con]ugatlon of the allyl group with the rmg to take place
_through the. lone pair of electrons on the oxygen atom of the ester grouping. It follows,
moreover, from the fact that the allyl and propargyl:compounds can be correlated, -
‘that propargyl compounds can also be e‘cpected to show the f‘allvl” effect and run
slightly faster than required by theory. RN : -
Another questlon was whether ARy (C= C) remalned constant if two or miore
' ‘bonds were conjugated with one another. In order to examine this, j)-sorbyloxyphenol
, whlch contams two con]ugated double bonds, was prepared Its Ry valuewas — 0.227, -
and the theoretical R value for this compound (derived by calculation from p-hexyl-
oxyphenol and p- (he\~4-eny10\y) -phenol) -is — 0.286. Con51der1ng the dimension of’
AR M(CHQ) in System 3, this cannot be taken as seriously-in error. There is evidently
_.no, ma]or effect of con]ug'ttlon on RM(C C)——see alsothe discussion on propeny]-
- phenol in System 1—and this is confirmed by the. calcul'ttlon for 'vitamin A, whlch '
contalns five con]ugated double bonds '
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: anchmg in ethers

Six new ethers (compounds Nos 55—60)  were prepared and chromatographed in
System. 3, in order to examine whether the. size of the branched chain in secondary
ethers affected the value of ARy (O). As seen from Table V, the only prlmary ether in
this group, p- (z-methylbutoxy)-phenol (No. 36) runs slower than the isomeric second-
ary ether (No. 55). The five secondary ethers show a constant homologous AR 7(CH.,)
increment of - o. 245, irrespective of the nature of the secondary branching at oxygen. -
Thus the two isomeric secondary hexyl ethers, compounds 57 and 58, have identical
Rps values and so do the two secondary heptyl ethers, compounds 59 and 6o.

RESULTS WITH SYSTEM 4

In Table VI the resﬁl‘cs on 11 compounds run in System 4 (90 % ethanol against olive
oil) are given. The system was studied to provide yet another bridge between the low
‘molecular- welght phenols and the more complex molecules studled subsequently,

TABLE VI‘
CIIROMATOGRAPHY ‘OF HYDROQUINON'I: MONO-ETHERS AND TOCOPHEROLS IN SYSTEM 4 .
St'l.txonary phasc ‘Whatman' No. 4 papcr 1mprcgn'tted with a 59, v/v solution of olive oil’ m

. 'light petroleum. .
Moblle phase . .90% v /v ethanol m watcr
No. Compound S Rp Rar
11 - p-Dodecyloxyphenol : 0.70° ~——0.357
12 . p-Tetradecyloxyphenol o .. 0.59 -—0.I55
15 p-Hexadecyloxyphenol 0.48 +o0.04:1
16 p-Octadecyloxyphenol ,0.36 + 0.258
26 . p-Hexahydrofarnesyloxyphenol 0.64 -—o0.250 .
27 p- Dlhydrophvtylowyphenol 0.44 + o0.107
50 Tocol ~ ‘ 0.50 0.000
51 d-Tocopherol (S-m ethyltocol) ' 0.45 -+ 0.001
66 f-Tocopherol (5,8-dimethyltocol) 0.37 - 0.228
52 y-Tocopherol (7,8-dimethyltocol) 0.37 -+ 0.228

+ 67 . a-Tocopherol (5,7,8-trimethyltocol) . 0.31 . -o0.342

-1t being: necessary to ensure that the add1t1v1ty prmmple could be apphed over.
~ the whole range of pola.rlty of the mobile phase. The results. agaln confirm that
MARTIN’s equation is obeyed: AR (CH,) was constant to well within expenmental
‘error right up to p- octadecyloxyphenol and was equal to + 0.103 =4 0.006. Note,
however, the branching effects in compounds 26 and 27, as before. Table VII sum-
marlzes the da.ta on some 1mporta.nt para.meters for Systems 2, 3 a.nd 4

RESULTS WITH SYSTEM 5

‘In“this’ svstem “the’ sta.tlonary phase was’ changed to the non-polar hquld parafﬁn
which is normally used for the chromatography of the tocopherols, ublqumones and-

S e RPN S
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TABLE VII

.- VARIATION OF ARj PARAMETERS OF SOME GROUPS AND STRUCTURAL FEATURES
'WITH CHANGE OF ETHANOL CONCENTRATION OF MOBILE PHASE o
- ' IN SYSTEMS 2, 3 AND 4 -

ARM in system

- Structural unit

2‘ S 3 o . : 4
, CH, o + o.I'z‘lg‘ . +o;.2:4‘5~ + 0.103
ng attachecl CH2 .. +o.130 ‘ : + 0.097
Double bond (—2H) —o0.080 —o0.152
Branching (n—1) ' . —o0.a30  —O0.255 —o0.104

ubichromenols. In the first study, 65 % ethanol was used as mobile phase. Table VIII
g1ves ‘the data on To compounds. The relative positions of the substances remain the
same as in previous systems, but note the restricted range of the chromatograms
leading to a value for AR(CH,) that is now as large as it was in System 1. Note also
the large difference (0:411) between the Rjps values of tocol and ‘dihydrophytylo*cy-
phenolin this system. Although the two substances only differ by 2 hydrogen atoms in -
their empirical formula (compare the Ras values of compounds 70 and 71, for example,
which differ by only o. 204) tocol is a tertiary ether (chromanol) whereas p- dlhydro-
phytyloxyphenol is a primary ether. -

- The data in Table VIII were used for the clumdatlon of the structure of e-toco-
pherol. We ‘have shown elsewhere? that natural g-tocopherol is not.a homologue of
tocol as had prev1ously been thought, but in fact has the structure (I).

- CH, o
HO /K/\ ‘ a
‘ Il | CHy
1/\0/\[CH2—C}12 CH=C— ]301{3
CH, Lo

(I - CH,

This structure can be assigned to ¢&-tocopherol on chromatographic evidence®. Since
8-tocopherol can be hydrogenated to a substance having the same Rz value as f-toco- .
pherol (it is in fact identical with B-tocopherol, as shown by other evidence), the ARy
change can be regarded as due to the presence of unsaturation in the former molecule.
This value, ARps(f-tocopherol—e-tocopherol) = -+ 0.596, is almost exactly .the
required shift'in Rp; for three double bonds,'which is 4~ o. 612 L

‘ - RLSULTS WITH ‘SYSTEM ' 6 »
Study of the hlch molecular welght ublqumones v1tamms K and the ublchromenols
requlres 11qu1d paraffin as st'ttlonary phase and 95 % ethanol as ‘mobile phase The
results in this system are given in Table IX. The following sectlons describe in detail -

‘themethods of structural analysis used and show how the Ry values of these comple:\ :
.molecules can! be calquated . .
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TABLE VIII

CHROMATOGRAPHY OF HYDROQUINONE MONO-ET I-I}'.RS AND TOGOPHEROLS o
CIN SYSTEM 5

Stationary phase: Whatman No. 4 paper 1mpregnated w1th a 5% v/v solution of liguid paraffin
' L ‘ in light petroleum. ‘ -

Mobile phase: 65 % (v/v) ethanol in water.
No, . Compound ‘ o . Rp Ry
50 Tocol - , ‘ 0.65 —0.,268
51 (5-Tbcophcrol ' A | ' 0.425 —+-0.130
66 B-Tocopherol ' o022 . +o0.550
52 y-Tocopherol ' 0.22 -+0.550
67 ace’l’ocopl1eroi 0.10 ‘ ' +0.956
68 Natural e-tocopherol 0.53 —0.0406
69 Hydrogenated e-tocopherol . , 0.22 -+ 0.550
27 p-Dihydrophytyloxyphenol . '0.42 "40.143
70 4-Methoxy-2 -méthyl-s-phytylphenol 0.283 | "+ 0.398
71 4-Methoxy-2-methyl-5-dihydrophytyl-
. phenol ‘ 0.20 —+0.602

Structures of the compounds listed in Table IX

In order to make the structural analyses and calculations more clear, we have de-
picted below the structures of some of the key compounds of Table IX, with some

details of thelr interrelationships. Ubiquinones 30, 45 and 50 have structure (I
(n = 6, 9 and 10, respectively). ‘

OH

CH,O._ /l\/cm | CH,0.__L__CH,

CI—I,,O/\I \[CHz ~CH= (l: CH,),H CH,O0~ ~ \[CH2§CPI#‘(|3—'CH2],,II-I
CH, | R -
(II) : X : o (I11)

The ana.logous ublqumols 30, 45 and 30 have structure (III). Dodecahvdroubnqmmom»e
3oand dodec'thydroqumol 30 are derived from (II) and (I1I) respectively by reduction
of the side-chains. He\a.hydroublqumone 2o (IV) is an allyl-type substituted quinone
and oct'Lhydroublqumone 20 is the analogous cornpound with a saturated side-chain.

o
- CH,0 _J_CH; ~
CH,0” ~¢ “CHy~CH= <|:.-cnz_ (CH,~ CHy—CH—CH,J
0

CH , CH
:] (IV) 3

-t

Ubichrorhe"nc&_ls éo; 30 and 50 have structure (V) (m=3,5 and 9, respectively).
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TABLE IX
CHROMATOGRAPHY OF UBIQUINONES, UBICHROMENOLS, TOCOPHEROLS, VITAMINS K,
PHENYL PALMITATES AND POLYNUCLEAR HYDROCARBONS
' ' IN SYSTEM 6
Stationary phase: Whatman No. 4 paper impregnated with a 59 (v/v) solution of liquid paraf-
fim im light petroleum.
Mobille phase: 93 Y5, (v[v) ethanol in water.

Naw Compound Ry Ry

Tocopherols and theiv ethers

67 a-Tocopherol : 0.85 —0.746
72 f-Tocopherol allivl ether 0.26 +0.452
73 y-Tocopberol allxl ether 0.33 +o0.301
74 Tocol allyl ether 0.40 +0.167
Palmitates
75 Phemyl palmitate 0.58 —o0.138
76 pCresyl palmitate 0.50 0.000
Hydyrocarbons

7T Am&hmcem 0.85 —0.77

+8  Phemamthreme: 0.85 —0.770
7D ]Bmzamﬂmcem 0.75 —0.481
8o Pyreme 0.75 —o0.481

Quinones and quinols

Sy Vitamim K, . 0.425 +0.127
2 Vitamim K, 0.22 + 0.566
$3 2-Methyl-s-dihydrophvtyvibenzoquinone 0.51 —0.046
84 Hexahydiroubiquinone zo ‘ 0.73 —-0.434
5 Octabhydroubiquinone 200 0.67 —0.314
& Ubiguimone o . 0.635 —0.276
57 Dodecabhvdroubiquinone 30 " 0.28 +0.418
§§ - Dodecahvdroubiguinol 30 0.72 —0.398’
%9 Ubiquimol 30 0.92 —1.046
oo Ubiquimone 45 0.25 -+ 0.477
9. Ubigwimone: 50 0.16 , -+ 0.720
oz Ubiquimol so 0.555 - -—0.097
Cliromenols and cliromanols
93 Hexahydroubichromenol 2o . o.85 —0.740
94 Hexahydroubichromanol 20 ’ 0.81 -—0.627
935 Ubichromuemol 30 0.79 —0.,569
o6 Ubichromemol 50 : C0.27 -+ 0.428

Hiydrogquirone mono-ether
71 g-Methoxy-z-methyl-5-dibwdrophytyl-

phemod 0.9r .+ ~—I.010
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 CH,
Ho\l)\l/ \LCH ) .
cH, 507 07 “CHy[CH,y~ CH= (l,— CH,],,H

OCH,
| W .’CH,‘,"{ o

Although ubxchromenol 20 1tself was not 'wzulable hexahydroublchromenol 20 can
be readlly prepared from the available quinone, and has structure (V) (z = 3) with a
saturated side-chain. Hexahydroublchromanol 20 is the chromanol derived by reduc-
tion of the ring double bond. Vltamme K and K, have structures (VI) a.nd (VII)

respectwelv ’

]/’ \/”\/CH! R S . : . ‘ ‘ | }\/I\H/CHB
\\/\"/‘C}Iz CH=C- CH,— [CH—CH,— %I—I——CH.J,,H LN \(,)(\[CH —CH= (IZ—CH.‘,].
- CHy CH, vy - CHs

- Methods of structural andlySis Jor compounds in System 6

(@) The ' zso]mme Uit

The tocopherols ubiquinones, ubichromenols and vitamins K are all partly 1sopren01d in

structure and contain branched alkyl chains built up from- saturated or unsaturated
“jsoprene’” units. Thus a-tocopherol contains three saturated units, vitamin ‘K, three
saturated and one unsaturated unit, and ubiquinone 30 ten unsaturated.units. For
Rpscalculations, it was convenient, therefore, to determine two new group pa:ra.meters
AR ("1soprene" unit) and ARz (hvdrogenated ‘isoprene’’ unit). This eliminates’ the
accumulation of small errors introduced when addlng large numbers of ARM(CH2 )and
ARy (CH) values and increments for double bonds, and branchmg effects (Note that
no “bra.nchmg effect error is mtroduced by thls procedure as, in each case the fusmn
~of the 1sopren01d chain with the ting constltutcs the . first, ineffective branch.) The
new parameters were found from two series of compounds that, chromatographlcally
differ considerably, the ubiquinones and ublqumols. The values from both series
agreed well with each. other They are given in Table X. :

, TABLE X
- ARj PARAMETERS OF VARIOUS STRUCTURAL UNITS IN SYSTEM 6

Structural unie . . . R . ARpp
“Isoprene’’ unitin ubxquxnones . +o0.249
“Isoprene’’ unit in ubxqumols 4+ 0.238 ‘
"~ .+ Hydrogenated ‘‘isoprene’” unit : ' o T 0,366 0
Ring-attached CH, (tocopheryl t,thcrs) C e o 40142 o
~ Ring-attached CH, (aryl palmitates) ' " 4-0.138 -
CH= CH—CH C]—I fuqed to an aroma.tlc ring + 0.28¢g
Double bond ¥ . . ~oix21
Branching (_ffect o S ’ —-0.334
- OCH group v1cmal to C=0 in ub1qumoncs —0.134

* Tt was .wsumed that /II?M (rmg-dttached (,l-l..) = AR (CH ) < o. 140 (see text)
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(®) ARxy(ring-altacked CH ,)

Many of the compounds contain mxclear—substltuted methyl groups, and the param-
eter, ARy(ring-attached CH,), must be found for System 6. The tocopherols them-
selves, which differ in ring methy! groups and can therefore provide this parameter,
run rather fast in this system, so three tocophery! ethers were used. Because of our
previous demonstrations that AR (CH,) is strictly additive, we were confident that
the value obtained from the ethers would be identical with that in the hydro*cy

compounds. To provide an additional check, however, the para.rneter was calculated
| independently from a comparison of the Rjs values of phenyl and p-cresyl palmltates
which were svnthesised for this purpose. The agreement between the two series was
excellent, as shown in Table X.

(c) AR (OCH , ortho to OH) :
The ubiquinols contain methoxyl groups ortho to their two hydroxy groups. The'
calculation of this important parameter is described below: it was obtained from the
Ryy values of the ubiquinol series and the key ether, 4-methoxy-2-methyl-5-phytyl-
phenol (VIII).

HO\_~~_Canfis

H,C~ S~ NOCH,
(VILI)
(d) ARxy (Joublc bond)
This was found by comparing the RM values of the ublqumols with those of their
perhyvdro compounds. . o

{¢) ARay(branching)

This parameter was calculated by comparing the Ry values of ubiquinones and the
phenyl palmltates as shown below. (Since no independent determination of ARr(CH,)
was made in System 6, we have assumed that it has the same value as AR M(rlng-
attached CH_) This is certainly valid for this system, in which differences in the
values for various ARx/(H) parameters must be msxgmﬁcant )

The mean value for AR34(CH,) from Table X is -+ o.140. Hence,

ARy for CI-Iz—-C!-I.=—Cl-l=-—(.‘,1—l2—-—CH,_= = 5 X 0.I40 = 0.700

Experimental AR (saturated “isoprene’” unit) = -4 0.366 -
Therefore,

ARN((bxanching)) = +0.334

{In this system the ratio of ARy(branching) to AR M(CHZ) is nearly twice as l'u'ge as it
was in the olive oil systems—see Table VI1.)

{(f) ARx(OCH 5 ortho to C=0)

This parameter was obtained from the RM data on perhydroubxqumone 20 and 2-
methyvl-5-dihydrophytylbenzoquinone. :

RM((pcﬂu-dmublqumone 20) = Ry{z-methy l-s-dihydrophvtylbenzoqumone) + 2 X AR ar(OCH,
‘ ortho to C=0) _
“Thereiore,

AR{OCH, ortho to C—0) = 2314 2’*‘ b °46 = —o.134
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(g) ARu(CH=CH—CH=CH)

This is a new group ARar parameter and is of value in the calculation of vitamins K.
The latter are all alkylated naphthaquinones and can be correlated with.the ubi-
quinones through the formal fusion of a.new aromatic ring to the existing quinonoid
structure in the latter. (Note that, as discussed previously!, if polarizations in mole-
cules are not pronounced, Rjs values can be calculated from these formal structural
differences, and they are not 1nﬁuenced by the chemical or electromc changes involved
in “aromﬂtlcrty” ) ‘

It is possible, without introducing anv serious error, to calculate the new pa.ra—
meter 1ndependently from AR (CH,) itself.
Thus ‘

ARM(CH =CH—CH= CI—I) 4 X ARpm(CH,) + 2 X ARa(double bond) 4 0.560 — 0.242
= -+0.318

However, when dealing with a new AR A parameter, it is preferable, if possible, to
check it unequivocally, since an unforeseen interaction can never be ruled out. To do

this, we chromatographed a series of polynuclear aromatic hvdrocarbons in System 6
and calculated as follows.

-

Rjs(benzanthracene) — Rd;:(anthi-acene) .

AR p(CH=CH—CH=CH)
» -+ o0.289

[

[t will be seen that the value is indeed very close to the approximation calculated
directly from AR (CH,) above. (Note that anthracene and phenanthrene on the one
hand and benzanthracene and pyrene on the other are chromatographically indis-
tinguishable, confirming our views on the irrelevance of pure energy charactenstxcs
(m the absence of other effects) on chromatographic behawour.) o

Caloulatwns of Ry values for complet molecules in System 6

Calculutzons of RM(mtamm K o) fromn Rar(ubiguinone 50) and from RM(mtamzn K,)

These calculations are given in Tables XI and XII. The excellent agreement between
these two calculations prov1des further ewdence of the precxse convertlblhtv of RM
data from series to serles :

Calculatzon of RM(ubwlzromanol 50) from Rag(a-tocopherol) and hence from. Rm(j)henol) :

This is the most extensive calculation we have attempted It demonstrates the i im-
portance of evaluating every new constitutive eﬁect ina molecule Ublchromenol 50
has a molecular weight of 862z.

_ 1st calculation. To calculate the R M value of ubnchromenol 50 from that of
ac-tocopherol the effect of the. followmg molecular modlﬁcatlons in terms of ARM
pa.rameters must be known. - ‘

R ¥ Subtracting two CH,; groups from the nng . ' '
2. Adding two. OCH, groups to the ring, one ortho to the hvdroxv group.
3 Add.lng one double bond to convert from a chromanol toa chromenol

J- Chromatog., 10 (1963) 158—-183
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TABLE XI

CALCULATION OF Rap(VITAMIN K,;) FROM Ry (UBIQUINONE 50)

"MCHALE

‘ ' s o Increment
Constituents .-, e
enis g —
B Raf(ublquirione 50)- ¢ ’ 01720 ‘
=2 X AR (OCH,) . 0.268 -
-+ ARp(fused ring) 0.289
- — 3 X ARm("isoprene’’ unit) 0.747
Sum of increments o 1.277 0.747
Calculated Ras(vitamin IK,) = 4-0.530
Experimental s = -+ 0.556

. TABLE XII

CALCULATION OF Rpe(viTaMIN K,) FrRoM Jia(VITAMIN IK,).

‘ Increment
Constitients —
+ p—
Rpr(vitamin K,) ' 0.127
‘4 3 X"ARp("isoprene’’ unit) 0.747
“+ 3 X ARu(double bond) » 0.363
) _-'Sum‘of increments,; . .. 0.874 0.363
Ca.lculated RM(Vlta.mm Kz) = - 0.511
. Experimental Ry = -4 0.556

" TABLE XI1II

. .FIRST. CALCULAT;ON OF R3s(UBICHROMENOL 50) FROM J27{0t-TOCOPHEROL)

. Increment
Constitucnts
4 —
R M(a-tocopherol) : - 0.746
L2 X ARM(rmg-atta.chcd CHz) 0.280
"4 2 X ARu(OCH,) ' 0.268

-+ 6% RM("1soprene” unit) © °  1.494
+ 4 X Rp(double bond)

";‘S‘um ofincrements - ... ... . .I1.494

Cdlculﬁted R;u(ubii:hromenol

_—) . =—oaz84
»ExpenmentalRM o = 00428 T

J. Chromaiog. ,
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4. Adding a further three double bonds to convert the saturated side-chain to a

tri-isoprenoid unsaturated side-chain.

5. Adding a further 6 unsaturated ‘“‘isoprene’ units to increase the chain length

The only ARjr parameter whose precise value remained in doubt was /AR;,-
(OCH; o7¢l20 to OH). Because of hydrogen-bonding and the possibility of a pronounced
ortho-effect it could be expected to be of great importance in the calculation. Before
compound 71 was available, this parameter could not be calculated and it was first
thought it might be satisfactory to use a value for a similar grouping, 7.e. the known
parameter, glven in Table X, for AR34(OCH, vicinal to >C=0 in qumones) The
calculation is given in Table XIII. ,

‘It is clear that there is a serious dlscrepancy between the calculated and experi-
mcntal Rps values. The error must arise because the interaction between the OCH,
group and the OH group is, as expected, considerably different from that betwzen the
OCH, group and the C=0 group. The ortho-effect between the latter two groups must
be large in this system.

2nd calculation. The ca.lculatlon shown above is in error by an amount eqmvalent
to about four CH, groups and it is clear that AR (OCHj ortho to OH) must be deter-
mined with much greater accuracy. This could be done, by the normal procedure of
formal structural analysis, by comparing the Ray values of two sultablv substituted
phenols, one of which must contain suitably orientated OCH, groups. Amongst the
range of cornpounds considered as possibly being available were 2-dihvdrophytyl-3-
methylhvdroqumone (IX) and 2-dihydrophytyl-5,6-dimethoxy-3-methylhy- droqm—
none (X).

(l:Hs
CH, CHs [CH.CH,CHCH,] H
HO___l_[CH,CH,CHCH,],H HO\/K/CH,
I
S~~OH (:H,o/\/\on
(IY) : (X) OCH,

The orientation of these two compounds is very similar to that in tocopherol and ubi-
chromenol respectively. The difference in Ry between the two compounds would be
due only to the two OCHj; groups, and AR (IX—X) would be equal to twice
AR (OCH; o7¢ho to OH). There were two practical difficulties, however. First, even if
the two- compounds could be prepared, they would be unlikely to chromatograph in
System 6, since they each contain two OH groups. This could be overcome by prepar-
ing the r-methyl ether of (IX) and (X) respectively and the resulting ethers would have
the further advantage of resembling tocopherol and ubichromenol (both of which are
cyclic mono-ethers) even more closely. Secondly, however, although (X) was available
through the reduction of the correspondmg octahvdroublqumone 20 (No. 853), (’I‘{)
~ could not be readily synthesised since entry of the phytvl group in the 3-position is
stenca,lly hindered. The problem was solved in the following manner.

(3) Hypothetical Rayr values for (IX) and (X) in System 6. Although the required
" ether of (IX) 2-dihydrophytyl-4-methoxy-3-methylphenol (XI), is difficult to syn- -
~ thesise, its isomer, 6-dihydrophytyl-4-methoxy-3-methylphenol (XII) was mdllv
obtained by condensation of toluquinol I-methvl ether and phvtol followed by
hvdrogena.tlon of the phytyl group. :

J- Chromatog.. x0 (1963) 158-183
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[CH2CH JCHCsz 45 [CHch'IzCHCng JH -
HO\/’\/CHS . VHO\/\ ‘ (I:H R
: . o b
S NocH, , ,Y\-OCH:!.
(X1) L R (xn)

Thls compound (No. 71) was prepared and had an R a value of — 1.010'in System 6.
Previous work! had already shown that differences in the orientation of alkyl groups
do not affect Ry values of alkoxyphenols. Therefore it could be safely assumed that,
if it were available (XI) would also have an Rjy; value of — 1.0I10 in System 6. If the
ARy increment were now known for the change involved in converting an. OH- group
to an OCH, group, it would be possible to calculate the: hypothetical Rpr value for
compound (IX) from the Rjs value of (XII). This increment was obtained by com-
paring the R,y values of a-tocopherol and S-tocopheryl allyl ether, as follows:
(zz) Calculation of Rar(B- tocoj)kerol) from RM(OC-tocoplzemL)

M(B-tocophcrol) = RM(oc~tocopherol) — ARM(rmg-attached CH,)
: , = —0.746 — 0.140 =.—0. 886 :

(zzz) Calcwlatzon of Ry M ﬁ-tocoj)lwryl metkyl atlzer) from R M(ﬂ tocogblwryl allyl etlzer)‘

Rm(methvl ether) Rar(allyl ether) —2 >< RM(CI-IE) — Rar(double bond)

-+ 0.452 — 0.280 +4 0.12I = -}0.203

Therefore,

AR ps(effect of methylating OH group) = R;r(B-tocopheryl methyl ether) — R (8- tocopherol)
‘ = -+ 0,293 + 0.866 = -+ 1.I79

(Note: if the methyl ether of S-tocopherol had been available, the difference could
have been found directly by chromatographing it with g- tocoph*—-rol This calculation
illustrates the interconvertibility of R s data among related series of compounds )

- (7v) Calculatzon of RM values for. (I X) and (X : -

RM(IX) = Ry (XI) — 1.179 .
= —2.,18¢9

whxch would be the Ry, va.lue of (IX) if it could be run in Svstem 6, and R M(X) can
now be calculated from RM(dodecahydroublqulnol 30), (No 88), by the usual method ‘
as follows: . , ‘ , ' , .

Rpy(X) Rm(dodecahvdroumqumol 30) — 2 X ARM(hydrogenated 1soplrene% ‘ uni-t)' '_ “

= —0.398 — o, 732 = —1I1.130

which would be the R M value of (X) if it could be run in Systern 6
(v) Calculatzon of ARM(OCH ortho to OH)

ARM(OCH,, ortho to OH) =

M(‘{) — RM(IX) B

o = 4 0.5‘30v
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- (v8) Calculation of Rpyr(ubichromenol 50). The calculation is as prevmusly, usmg the
new parameter for OCH, (Table XIV).. '

The agreement is good con51der1ng the lengthy procedure 1nvolved By smular
methods it is possible to correlate the Rjr values of all the tocopherols, tocotrienols,
vitamins K; ubiquinones, ubichromenols and:members of related series of compounds.
For. example, R js(ubichromenol 20) can now be calculated from Rj(ubichromenol

~TABLE XIV -
' SECOND CALCULATION OF R 3/(UBICHROMENOL' 50) FROM R as(ct-TOCOPHEROL)

. . Increment
. Constiluents
e + —_
RM(cz-tocopherol) - v o | 0.746
— 2 X Rpm(ring-attached CH,) ’ 0.280
44 X ARas(double bond) S 0.484
4+ ARaMm(OCHg) R 0.134
-+ ARM(OCH,, ortho to OH) 0.530 )
+ 6 X ARM("lsoprene" unit) 1.494
Sum of increments 2024 1.644
'~ Calculated’ RM(ublc‘hromenol ‘ ‘
L50) = -0.380
szpenmental Ry = -+-0.428

50). by subtracting the Rpas increment for six unsaturated units (1.494). The calculated
value is found to-be — o. 75T, in excellent agreement with the experimental R value
of this compound, which is — 0.740. It is clear that, with adequate chromatogra,phlc
data and with a certain amount of information about the functional groups present,

the Ry values of some of these comple\ molecules can be calculated to within a small
fraction of acarbon atom.

DISCUSSION

In principle it should now be possible to accept MARTIN’s postulate as to the constancy
of ARps values in any molzcule and in any system, providing that constitutive effects
do not occur. If these do occur, they can often be adequately accounted for, as we
have.shown here and previouslyl. It is thus possible to calculate the Rjs values of
many complex :molecules from data derived from relatively simple compounds;
providing that chromatographic conditions are near-ideal. and have ‘been shown
to yield accurate Rjps values!. The recent work of HowE!® must be corsidered in this
connection since this author, after his most extensive study on over 100 organic acids
in several series, did not find agreement with MARTIN’s equation. Two points, how-
ever, arise from Howe’s study. First, in some of his series, Rp values rapidly approa.ched
a limiting value after 8 carbon atoms. Since this value was about 0.80, this is strongly
indicative of the non-ideal conditions that exist near the moving front of chromato-
grams due to excessive evaporation and other factors. As we have already suggested?,

- Rpvalues of this order are likely to be subject to considerable error under tank con-
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ditions and with certain systems an Rp value of about 0.80 may. appear to be the
limiting Ry obtainable irrespective of the homologous increment. ‘It is important,
therefore,; to stress that, prov1d1ng the system is chosen so-that Rp values fall within
the workable range, there is ‘apparently no limitation on MARTIN’s-postulate with
respect to homologous addition. Thus HowEe was able to chromatograph d1carboxy11c :
acids up to ro carbon atoms in length and obtain a. linear plot of Ry when the maxi-
mum Ry value was 0.53. As we have shown here, the homologous increment ARjs-
(CH,) is constant up to a chain length of 18 carbons (octadecyloxyphenol) and we
have been able to calculate the Rjas values of compounds containing branched side-
‘chains of up to 50 carbon atoms. The second conclusion from Howe’s work was that
ARpr(CH,) varies from one homologous series to another. We regard this as primarily
due to the nature of his series. As BARK AND GRAHAM!! have shown, the paper chroma-
tography of organic acids can be profoundly influenced by adsorptlon of the functional
group on paper. In our own (unpubhshed) studies we have found that this is true
even in reversed phase systems, where there is an inert statlonary phase over the paper.
It must be considered, therefore, that HowE’s results may have been affected in this
manner and adsorptlon could account for the lack of constancy that he found for
ARy (CH,). It is clear that where a p0551b111ty of adsorptmn exists, MARTIN’s equation
may not be precisely obeyed, even in homologous series.

The calculation of the Ras value for ubichromenol 50 illustrates that hypothetical

Ry values can be calculated for compounds that could not be run in the system for
which they have been calculated. These hypothetlcal RM values can be dealt with
arithmetically, as are real Ry ‘values.

_ There are obvious advantages in being able to calculate the Ry values of complex .
molecules. We have already shown elsewhere® how such calculations can be used to
determine unsaturation. in molecules by purely chromatographic methods. They can
also be used to obtain information about the structure of an. unknown' compound,
even when it'is available only in small amounts or is impure. ‘It is often possible to
eliminate alternative structures, such as mlght be proposed for a new or unknown'
compound of natural origin. o e TR

It may be possible, in the future, to choose a, hmlted series of standard chromato-
graphic system and determine, with accuracy, the values for all the important atomic -
group and constitutive ARy parameters met with in simple series of compounds.
Providing that the chromatographic systems and the conditions of running were both
rigorously standardised, it might even be possxble for this data to be used by different
workers without the necessity of their frequent re-determination in individual labora-
tories. Reversed phase systems: should be chosen as standard wherever possible-and
‘the’ mobile  phase be restricted to one.of two solvents, such as aqueous ethanol or
acetone, which- have exceptionally wide :scope. With the exception of sugars and
amino acids which, for structural analysis purposes as opposed to pure identification
purposes, can in any.case be handled as their derlvatlves such reversed phase systems
can deal w1th most classes of orgamc compound ‘ R PR SRS

SUMMARY S

Serles of phenols hydroqumone mono- ethers, esters ethers, alcohols, tocophero]s, :
: qumones and chrornenols were run:in five chromatographlc systems. Chromatographtc ‘
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constancy was shown for AR pr increments due to the following groups and structural
changes: H, CHQ, rmg—attached CH,, double bond, branchmg, oxygen in ethers, and
the “1soprene unit in long chains. MARTIN s equation was obeyed in all the systems
studied. Methods of structural, analy51s are demonstrated by which the chromato-
gmphlc beha.v1our of comple*c molecules can be a.ccurately predlcted f1 om d’lt'l. derwcd
from 'simple compounds and knowledge of the ARp; parameters.’
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